A total of 16 normal controls and 8 patients with dysphagia were studied using a solid-state HRIM assembly incorporating 36 manometric sensors and 12 impedance segments. Each of the 10 saline swallows in each study was dichotomously scored as either complete or incomplete bolus clearance by impedance criteria, and peristaltic integrity was evaluated using pressure topography isobaric contours ranging from 10 to 30 mm Hg in 5-mm Hg increments. Each isobaric contour plot was characterized by the location and length of breaks in the isobaric contour.
INTRODUCTION
A major objective of clinical esophageal manometry studies is to ascertain whether esophageal peristaltic function is suffi cient enough to facilitate bolus transport to the stomach. Kahrilas et al. (1) used conventional manometry and concurrent videofl uoroscopy to determine that a mean peristaltic amplitude of ≥ 30 mm Hg was conducive to liquid bolus transit and esophageal emptying. Five years later, Ren et al. (2) used similar techniques to show that a peristaltic amplitude of 20 mm Hg greater than the intrabolus pressure ( ~ 10 mm Hg) was associated with eff ective bolus transit. On the basis of these studies, a peristaltic amplitude of 30 mm Hg has come to be accepted as the lower limit of normal in current manometry classifi cation schemes (3, 4) . Although peristaltic amplitudes < 30 mm Hg have been shown to be adequate for bolus transit, amplitudes < 30 mm Hg are not necessarily inadequate. In 2003, Tutuian and Castell (5) used a combined multichannel intraluminal impedance and esophageal manometry system to reassess the 30 mm Hg amplitude threshold. Th ey found that a peristaltic amplitude ≥ 30 mm Hg predicted complete bolus transit in 95 % of instances, whereas amplitudes < 30 mm Hg were associated with incomplete bolus transit 52 % of the time. In other words, 48 % of swallows still achieved complete bolus transit despite having peristaltic Esophageal Pressure Topography Criteria Indicative of Incomplete Bolus Clearance: A Study Using High-Resolution Impedance Manometry amplitudes less than the 30 mm Hg threshold. Using similar methodology, but defi ning normal contraction pressures as ≥ 12 mm Hg in the proximal esophagus and ≥ 30 mm Hg in the distal esophagus, Conchillo et al. (6) similarly noted that 35 % of patients with " normal motility " had abnormal transit. Taken together, these studies highlighted that manometry alone has limitations in predicting bolus transit. However, the manometric technique and interpretation paradigms used in these two studies were relatively basic by current standards, lacking the resolution to defi ne small peristaltic defects and ignoring subtle physiological abnormalities of the esophagogastric junction (EGJ) that could potentially be associated with incomplete bolus clearance (7, 8) .
Using concurrent high-resolution manometry (HRM) and videofl uoroscopy, Fox et al. (9) recently showed that HRM that is displayed in pressure topography plots predicts bolus transit more accurately than does conventional manometry. Fox et al. noted that the increased spatial resolution of HRM frequently showed segmental hypotensive foci that would have been missed with conventional manometry. However, the threshold dimensions of defects in pressure topography plots likely associated with incomplete bolus transit remain to be defi ned. Th us, the aim of this study was to determine the pressure topography characteristics of peristalsis predictive of complete and incomplete bolus clearance. Th e simultaneous evaluation of esophageal pressure topography and associated bolus clearance was made possible by the recent development of a catheter combining HRM with highresolution multichannel intraluminal impedance.
METHODS

Patients
High-resolution impedance manometry (HRIM) studies were conducted on both control subjects and patients. Th e control group consisted of volunteers without gastrointestinal symptoms, history of upper gastrointestinal tract surgery, or any signifi cant medical condition. Th e patients were recruited from the clinical practices of J.E.P. and P.J.K. at the Northwestern Medical Faculty Foundation. Th e study protocol was approved by the Northwestern University Institutional Review Board, and informed consent was obtained from each subject before the study.
High-resolution impedance manometry
A solid-state combined manometry and impedance recording assembly incorporating 36 unidirectional strain gauge pressure sensors spaced at 1-cm intervals and 14 impedance-recording rings (12 impedance segments) spaced at 2-cm intervals spanning the distal 26 cm of the assembly ( Figure 1 ) was used (Medical Measurement Systems, Enschede, Th e Netherlands). Th e response characteristics of the pressure sensors were such that they could record pressures ranging from − 100 to 300 mm Hg at a sampling rate of 50 Hz with accuracy to within 2 mm Hg. Aft er calibration in a water bath and correction for body temperature, the drift over the course of the study was < 3 mm Hg. Th e impedance-sensing elements could record impedance transients up to 10,000 ohms at a sampling rate of 50 Hz with accuracy to within 30 ohms.
Subjects fasted for at least 6 h before a brief interview, examination, and transnasal placement of the HRIM assembly. Studies were conducted with the subjects in a supine position, and the HRIM assembly was positioned to record from the hypopharynx to the proximal stomach with approximately fi ve intragastric pressure sensors. Th e impedance sensors were thus positioned to record from the termination of the proximal esophageal segment through the distal esophagus and into the proximal stomach with approximately two intragastric impedance measurements. Th e assembly was fi xed in place by taping it the nose. Th e manometric protocol included 30 s without swallows to assess basal EGJ pressure and morphology followed by 10 5-ml swallows of 0.3 % saline solution. Saline solution was chosen because its conductivity allowed it to be easily distinguished from esophageal mucosa during impedance monitoring.
Data analysis
Data were analyzed using MMS Database soft ware (Medical Measurement Systems, version 8.11a). Color isobaric contour plots were overlaid with impedance line tracings, providing concurrent visualization of pressure and impedance data at each of the 12 impedance-recording sites. Th e integrity of esophageal peristalsis was assessed using the isobaric contour tool provided by the MMS Database, which allowed delineation of the anatomical and temporal boundaries of user-designated pressure thresholds. Breaks in the isobaric contours were measured using the smart mouse function of the MMS Database and characterized by the vertical length of the break ( Figure 2 ). EGJ pressure was referenced to gastric pressure; all other esophageal pressures were referenced to atmospheric pressure. Pressure topography studies were fi rst evaluated for deglutitive EGJ relaxation. Th is was done by determining the nadir pressure across the 6-cm array of pressure sensors traversing the EGJ during the post-deglutitive period and using 10 mm Hg as the upper limit of normal. Each patient was also evaluated for hiatus hernia using previously established pressure topography criteria (10) . For inclusion in the study, subjects were required to have normal EGJ anatomy (no hernia) and normal EGJ relaxation, as abnormalities of either can cause impaired bolus clearance even in the context of normal peristalsis (7, 8) .
Peristaltic integrity was then evaluated for each swallow on isobaric contour plots ranging from 10 to 30 mm Hg in 5 -mm Hg increments. Each plot was characterized dichotomously as intact (no break in the isobaric contour) or disrupted (breaks of any length in the isobaric contour). On the basis of the presence and length of breaks observed, swallows were then further characterized using a modifi cation of our previously published scheme: (i) normal (no break ≥ 2.0 cm, Figure 3a ) ; (ii) focal peristaltic hypotension (longest break ≥ 2.0 and < 5.0 cm, Figure 3b ); (iii) diff use peristaltic hypotension (longest break ≥ 5.0 cm, Figure 3c ); or (iv) absent peristalsis (no pressure domain >30 mm Hg, Figure 3d ) (11) . Th e 2.0 and 5.0 cm length cut points were chosen on the basis of observations made during concurrent manometry and fl uoroscopy that breaks of < 2 cm in the 30 mm Hg isobaric contour rarely, if ever, compromised bolus clearance and breaks of ≥ 5 cm were invariably associated with incomplete clearance (8, 12) .
Although not yet subject to systematic analysis, complete bolus clearance may or may not occur with intermediate size breaks (2.0 -5.0 cm). Th e categorization for each swallow was performed for 20, 25, and 30 mm Hg isobaric contours.
Impedance assessment of bolus transit
Impedance line tracings for each swallow were analyzed for bolus clearance. At each impedance sensor, bolus entry was identifi ed by a decrease in impedance of at least 50 % relative to baseline and bolus clearance as a subsequent, sustained ( ≥ 5 s), ≥ 50 % increase in impedance toward the original baseline (13) . Complete bolus clearance was defi ned as bolus entry followed by sequential bolus clearance at all impedance-recording sites. Conversely, incomplete bolus clearance was defi ned as bolus entry without bolus clearance at one or more esophageal impedance-recording sites. Using these defi nitions, each swallow was characterized dichotomously as either complete or incomplete bolus clearance. In cases of incomplete bolus clearance, the locus of failure was characterized by anatomical location (transition zone, distal contractile segment, or both) and by the presence and length of breaks in the corresponding isobaric contour plots at that locus. In cases in which the boundary between the transition zone and the smooth muscle was not clear, such as with a hypotensive distal segment, we designated the lower boundary of the transition zone as occurring 2.0 cm distal to the distal margin of the 20 mm Hg isobaric contour of the proximal segment. Th at convention was based on 2.0 cm being the upper limit of normal (95th percentile) for transition zone length (14) . To further delineate predictors of bolus clearance, we determined the maximal length of breaks in the 20 and 30 mm Hg isobaric contours that still facilitated complete bolus clearance. Similarly, in swallows with incomplete bolus clearance, we identifi ed the shortest break associated with incomplete bolus clearance at each pressure threshold.
Patient categorization
After each patient ' s 10 swallows were analyzed and categorized, we applied previously established manometric and impedance criteria to define their general swallow pattern (15, 16) . For an individual patient, abnormal bolus transit was defined as ≥ 30 % liquid swallows with incomplete bolus clearance. In terms of pressure topography, patients with absent peristalsis on all manometry swallows were classified as absent peristalsis. Patients with focal peristaltic hypotension, diffuse peristaltic hypotension, or absent peristalsis in ≥ 30 % but < 70 % of test swallows were labeled as intermittent peristaltic hypotension, whereas those with ≥ 70 % of swallows with these patterns had frequent peristaltic hypotension.
Statistical analysis
SPSS statistical soft ware (SPSS, Chicago, IL, version 16.0.2) was used throughout. Given that single swallows are not independent observations, the statistical analysis of each subject ' s 10 swallows was considered a single observation. Evalu- Figure 2 . Methodology for identifying and measuring isobaric contour breaks as a means of classifying peristaltic hypotension. In this example, the isobaric contour of 20 mm Hg is analyzed. The smart mouse tool of DataBase software is used to delineate the margins of the break, and it is then scored according to the vertical separation between the proximal and distal margins. In this particular example, the two areas of separation are illustrated using the bracket line (pink). The fi rst defect is 4 cm in vertical separation, whereas the more distal second defect is ~ 2 cm in length. ation of the individual swallows in terms of defi ning upper limits of normal is presented as descriptive data and no comparisons were made.
RESULTS
A total of 16 asymptomatic controls (6 men, age: 24 -37 year) and 8 patients (2 men, age: 19 -59 years) were studied. All the eight patients had a chief complaint of dysphagia, one in the setting of previous fundoplication surgery. All subjects tolerated the study well and had normal deglutitive EGJ relaxation. Among the patient group, the mean EGJ nadir was 5.5 mm Hg (s.d. 3.5 mm Hg) with a maximum of 9.9 mm Hg.
Among the control group, the mean EGJ nadir was 6.5 mm Hg (s.d. 2.3 mm Hg) with a maximum of 9.2 mm Hg. No subject had a hiatal hernia by pressure topography criteria. Hence, no subject was excluded from analysis because of abnormal EGJ morphology or function. Using the 30 mm Hg isobaric contour pressure to classify swallows as normal, focal hypotension, diff use hypotension, or absent peristalsis, there were 3 control subjects with frequent peristaltic hypotension and 1 with intermittent peristaltic hypotension; the remaining 12 had normal peristalsis. In contrast, four patients had frequent peristaltic hypotension, one had intermittent peristaltic hypotension, and three had normal peristalsis. No subject in either group had absent peristalsis. 
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30 mm Hg isobaric contour (12 controls and 3 patients), all 15 had normal bolus transit. Of the seven subjects with frequent peristaltic hypotension (three controls and four patients), all seven had abnormal bolus transit ( ≥ 30 % liquid swallows with incomplete bolus clearance). Of the two subjects with intermittent peristaltic hypotension, the patient had abnormal bolus transit, whereas the control subject had normal bolus transit. Th us, using these criteria we found 95.8 % concordance (23 of 24) between manometric and impedance classifi cation. Applying the same classifi cation criteria, but using the 20 mm Hg isobaric contour to assess peristalsis, one patient and one control were reclassifi ed as intermittent rather than frequent peristaltic hypotension. One control subject (the one who had normal bolus transit in the setting of intermittent peristaltic hypotension using the 30 mm Hg threshold pressure) was also reclassifi ed as normal rather than intermittent peristaltic hypotension. Consequently, using a 20 mm Hg isobaric contour to assess peristaltic integrity, 16 subjects had normal peristalsis (13 control subjects and 3 patients), 3 had intermittent peristaltic hypotension (1 control and 2 patients), and 5 had frequent peristaltic hypotension (2 controls and 3 patients) with 100 % concordance (24 of 24) between manometric and impedance classifi cation.
Modifying the defi ning criterion for focal hypotension with the 30 mm Hg isobaric contour plots to require a 3.0-cm break (vs. 2.0 cm) in the isobaric contour resulted in identical classifi cation for all patients as occurred using the 2-cm break criterion with the 20 mm Hg isobaric contour plots. Hence, using the 3-cm break criterion with the 30 mm Hg isobaric contour also yielded 100 % concordance (24 of 24) between manometric and impedance categorization.
Pressure topography predictors of bolus clearance in individual swallows
A total of 70 (29 % ) of the 240 swallows that were analyzed had incomplete bolus clearance; all of these exhibited breaks in the 30, 25, and 20 mm Hg isobaric contours of the peristaltic contraction. Th e 70 swallows with incomplete bolus clearance occurred among 6 patients and 8 controls. In all, 3 patients had 10 of 10 swallows associated with abnormal bolus transit, whereas 1 control patient also had 10 of 10 swallows associated with abnormal bolus transit.
With isobaric contour values < 20 mm Hg, incomplete bolus clearance was observed without breaks in the isobaric contour of the peristaltic contraction ( Table 2 ); 11 instances of incomplete bolus clearance were observed with an intact 15 mm Hg isobaric contour and 21 instances of incomplete clearance occurred with an intact 10 mm Hg isobaric contour. It was also noted that among the 70 swallows with incomplete bolus clearance, there were no instances that had been classifi ed as normal peristalsis because in all instances there was a break of ≥ 2-cm length in the isobaric contour. Th is remained true regardless of whether the 20, 25, or 30 mm Hg isobaric contour was used for classifi cation, eff ectively verifying that a break of < 2.0 cm in the isobaric contour is still conducive to complete bolus clearance. Swallow classifi cation was somewhat dependent on the isobaric contour pressure value used to identify and measure breaks. Table 3 illustrates the eff ect this had on the distribution of the 240 swallows among classifi cations as well as the correspondence between those classifi cations and the completeness of bolus clearance. It is noteworthy that swallows classifi ed as normal were uniformly associated with complete bolus clearance, whereas those classifi ed as diff use hypotension or absent peristalsis were uniformly associated with incomplete bolus clearance regardless of which isobaric contour value was used. Discrepancies between peristaltic integrity and the completeness of clearance were observed only with the focal hypotension classifi cation: 13 swallows were associated with complete clearance despite classifi cation as focal hypotension using 30 mm Hg as the isobaric contour threshold pressure as were 3 using the 25 mm Hg value. Only the 20 mm Hg isobaric contour threshold pressure exhibited complete agreement between a diagnosis of some degree of peristaltic weakness and complete bolus clearance, thus implying that a break of ≥ 2.0 cm in the 20 mm Hg isobaric esophageal contraction is not conducive to complete bolus clearance.
Concordance between bolus clearance and peristaltic function
Isobaric contour breaks associated with normal and abnormal bolus transit
To further delineate the minimal pressure topography criteria necessary for achieving complete bolus clearance, swallows with complete bolus clearance were analyzed for the longest isobaric contour break observed, whereas those with incomplete clearance were analyzed for the shortest isobaric contour break observed ( Figure 4 ). Using the 20 mm Hg isobaric contour threshold, the longest break associated with complete clearance was 1.7 cm and using the 30 mm Hg isobaric contour Breaks in the isobaric contour < 2 cm in length were classifi ed as normal, 2 to 5 cm as focal hypotension, and 5 cm as diffuse hypotension.
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isobaric contour or a 3-cm break in the 30 mm Hg isobaric contour should be the requisite criteria for defi ning " focal peristaltic hypotension. " Although impedance data were scored dichotomously in this study (complete or incomplete clearance), observations made in the course of conducting concurrent manometry and fl uoroscopy make it very clear that incomplete bolus clearance does not necessarily equate to " failed transit " (1) . Even a small fraction of residual swallowed bolus in the esophagus will result in that contraction being scored as associated with incomplete clearance. Th is would be especially true with the multitude of impedance segments used in this study (17) . It was to emphasize this distinction that we proposed a two-tiered scoring of peristaltic weakness. Data from this study established that breaks in the 20, 25, or 30 mm Hg isobaric contour of the peristaltic contraction >5 cm in length were uniformly associated with incomplete bolus clearance, and observations from fl uoroscopy suggested that defects of that length resulted in most if not all of the swallowed bolus being retained in the esophagus (1) . Hence, in revising the classifi cation of peristaltic hypotension, we propose that defects >5 cm in the isobaric contour of the peristaltic contraction (20 or 30 mm Hg) be classifi ed as " diff use peristaltic hypotension. " Finally, at the extreme end, " absent peristalsis " deserves a unique classifi cation as this may not only imply poor performance in bolus clearance but may also serve as a defi ning criteria for the diagnosis of a major motor disorder, such as achalasia (18) .
In summary, this study was facilitated by the recent development of a single recording device integrating multichannel intraluminal impedance and HRM technologies, thereby allowing their direct comparison. On the basis of our results, HRM data analyzed in terms of pressure topography can be used to accurately predict complete bolus clearance with peristalsis provided that EGJ morphology and relaxation are normal. Th e current fi ndings are not applicable to instances of abnormal EGJ relaxation, morphological separation of the EGJ into distinct crural diaphragm and lower esophageal components indicative of hiatus hernia, or any condition associated with elevated esophageal intrabolus pressure. In those instances, concomitant intraluminal impedance monitoring or appropriate alternative pressure topography paradigms would need to be used to assess the completeness of bolus clearance (7, 8, 12) . However, that would be the focus of future studies along with studies focused on the upright position and solid swallows. Similarly, further studies using the robust analysis possible with combined HRM and impedance monitoring will hopefully shed light on the determinants of esophageal symptoms, primarily dysphagia or pain, in patients with abnormalities of both peristalsis and the EGJ.
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We want to disclose a clerical protocol violation. A number of completed consent forms of study participants were inadvertently discarded during an offi ce move, and this error was reported to the Northwestern University investigational review board. the longest break measured was 3.0 cm. Among the 70 cases of incomplete bolus clearance, there were 26 instances of absent peristalsis that could not be analyzed in this manner. Th e remaining 44 cases were analyzed for the shortest defect in the peristaltic wave front that was spatially associated with incomplete bolus clearance. Using the 20 mm Hg isobaric contour threshold, the shortest defect measured 2.1 cm in length, and using a 30 mm Hg isobaric contour threshold it was 3.2 cm. As demonstrated in Figure 4 , there were no instances of overlap between the maximum defect predictive of complete bolus clearance and the minimum defect predictive of incomplete bolus clearance using pressure thresholds of either 20 or 30 mm Hg.
One consideration is that the four subjects (three patients and one control) with uniformly incomplete bolus clearance account for 40 of the 70 swallows with incomplete transit, and therefore could be driving the data. If those four subjects are removed from the analysis, a repeat analysis shows the shortest defect to be unchanged; 2.1 cm in the 20 mm Hg isobaric contour and 3.2 cm in the 30 mm Hg isobaric contour. Th e smallest defect found among the 40 swallows in the excluded group was 2.7 and 4.0 cm, respectively. Th us, the minimal manometric defect size associated with abnormal bolus transit does not seem to be altered by the type of subject or the frequency of abnormal bolus transit.
DISCUSSION
Th is study used combined multichannel intraluminal impedance and HRM to defi ne the pressure topography characteristics of esophageal peristalsis necessary to aff ect complete clearance of a liquid bolus. Th e major fi ndings were that in the context of normal EGJ morphology and deglutitive relaxation, peristalsis with an intact isobaric contour of ≥ 20 mm Hg was uniformly associated with complete bolus clearance. In cases in which there were breaks in the isobaric contour, a defect size of < 2 cm in the 20 mm Hg isobaric contour or 3 cm in the 30 mm Hg isobaric contour were also uniformly associated with complete bolus clearance. Breaks >2 cm (20 mm Hg isobaric contour) or 3 cm in length (30 mm Hg isobaric contour) were associated with incomplete bolus clearance. A break size >5 cm in length (20 or 30 mm Hg isobaric contour) was uniformly associated with incomplete bolus clearance.
Th e recent introduction and widespread adoption of esophageal pressure topography has led to the formulation of diagnostic criteria for esophageal motility disorders on the basis of pressure topography characteristics (16) . In the initial iteration of this pressure topography classifi cation, peristalsis was judged to be " hypotensive " on the basis of having a break of ≥ 2 cm length in the 30 mm Hg isobaric contour (16) . Th at criterion was not established on the basis of a functional assessment, but rather on a best guess of what would be equivalent to hypotensive peristalsis diagnosed with conventional manometry. On the basis of the current fi ndings, these criteria should be slightly revised such that a 2-cm break in the 20 mm Hg
